A highly sensitive and selective method has been proposed for speciation determination of trace amounts of Cr(III) and Cr(VI) in water samples using 1,4-diaminoanthraquinone (1,4-DAAQ). The method is based on mixing an organic phase containing 1,4-DAAQ with an acidic solution (pH 1) of Cr(VI), which is accomplished with absorbance decreasing or luminescence quenching of the organic phase due to a partial oxidation of the 1,4-DAAQ content. After oxidation of Cr(III) to Cr(VI) and determining the total chromium content, Cr(III) content is obtained by subtracting. All of the variables were studied in order to optimize the reaction conditions. No considerable interference was observed due to the presence of coexisting anions and cations. The calibration graphs were linear in the range 3.0×10 -7 -3.0×10 -6 and 1.0×10 -7 -4.0×10
Introduction
these methods is strongly relevant to the structural characteristics of the organic reagent. Evidently, the application of each one of Metal speciation is usually important in view of studying the these reagents for the determination presents some advantages behavior of metal ions in the environment. In the case of and suffers from several limitations; however, the general chromium, the two common oxidation states in natural water are performance in these progresses is the development of a series of Cr(III) and Cr(VI). In spite of Cr(III) not being a significant viewpoints, including high sensitivity and selectivity, more groundwater contaminant, Cr(VI) is considered to be a human simplicity and fast, better detectability and applicability to harmful agent. 1, 2 Unfortunately, high effective techniques, like environmental samples of interest. graphite furnace atomic absorption spectrometry (GF-AAS) and
Anthraquinones are important dye reagents that absorb in the inductively coupled plasma mass spectrometry (ICP-MS) only visible region. They are used principally in photographic dye yield the total concentration. Thus, pretreatment techniques such chemicals, in paper industries as a catalyst, in textile industry for as extraction methods, have been used for the separation of coloring textile materials, and in medicine as an antioxidant. 24, 25 chromium species in such determinations. [3] [4] [5] [6] [7] In the last decade, The biological effects of these drugs are due to the interaction of there has been a rapidly increasing demand for fast and reliable the chromophore group with DNA. 26, 27 In our previous work, analytical methods, which make available the direct determination dihydroxyanthraquinones have been used as highly sensitive of chromium species at trace levels in environmental samples. reagents for the determination of trace amounts of various metal Hence, utilizing analytical techniques, including ions in water samples. [28] [29] [30] [31] [32] On the other hand, 1,4 voltammetry, 8, 9 chromatography, 10,11 spectrophotometry, [12] [13] [14] [15] [16] and diaminoanthraquinone (1,4-DAAQ) has also been used as a spectrofluorometry [17] [18] [19] has been successfully developed for the fluorescence quencher 33 and for the synthesis of conducting determinations in different sample matrices. Among them, the organic materials based on either complexation or oxidation last two techniques utilizing Cr(VI)-selective methods are of behaviors. [34] [35] [36] The aim of the current work was to develop a particular interest because of their simplicity and fast handling. simple and cost-effective method for direct chromium speciation These determinations are frequently based on the reaction of studies through the oxidation of 1,4-DAAQ chromophore with organic compounds with Cr(VI). Frequently, an ion-associate is Cr(VI), and the determination of Cr(VI) via absorbance decreasing formed containing an organic reagent and Cr(VI) ions. These or luminescence quenching of the organic phase. We combined methods have the disadvantage of high blank values. Another this effective operative procedure with the pre-conversion of the important methods which has been reported for the determination Cr(III) species to Cr(VI) and the determination of the total of Cr(VI) is based on absorbance decreasing or luminescence chromium content. The concentration of Cr(III) was obtained by quenching. [20] [21] [22] [23] In these methods, a sensitive organic reagent is the difference. After achieving to the optimum conditions, the generally reacted with Cr(VI) in the presence of the Cr(III) developed procedure was successfully employed for monitoring the Cr(III) and Cr(VI) species in natural water samples. † To whom correspondence should be addressed. E-mail: mshosseini1336@yahoo.com; mshosseini@birjand.ac.ir 808 ANALYTICAL SCIENCES JUNE 2009, VOL. 25
Experimental

Instrumentation
A Shimadzu Model 160A spectrophotometer was used for absorbance measurements with one pair of 10-mm quartz cells. Fluorescence spectra measurements were performed on a Shimadzu RF-5301PC spectrofluorophotometer equipped with a xenon discharge lamp and 1-cm quartz cells at room temperature (about 300 K). Infrared spectra were recorded in a Nicolet Model 800 double beam FT-IR spectrometer. A Shimadzu Model AA 670 flame atomic absorption spectrometer was also used to confirm the chromium determination in real samples. A Cole Parmer microfiltration apparatus with microfiltration systems (MFS) membrane filter (0.45 mm pore size) was used for the filtration of water samples. Adjusting the pH was accomplished with a Corning Model 125 pH meter. A Kottermann mechanical shaker with speed-control ability was used for batch equilibration.
Reagents
All chemicals were purchased from E. Merck, Darmstadt, Germany, and were of analytical reagent grade. All solutions were prepared using doubly distilled deionized water. A 1,4 DAAQ solution (1×10 -4 M) was prepared by dissolving an appropriate amount in 250 mL of toluene. The solution was kept in an amber-glass bottle. Cr(III) and Cr(VI) solutions, each of 1×10 -2 M Cr, were prepared by dissolving appropriate amounts of CrCl3·6H2O in 0.5 M HCl and K2Cr2O7 in distilled water and were standardized by EDTA and iodometric titrations, respectively. Working solutions were papered by diluting the stock solution. The required pH adjustments were made by using a stock solution of 37% HCl (or diluted solution) and 1 M aqueous NH3.
Procedure
Cr(VI) determination. An aliquot of 100-mL of a solution containing up to 3.0×10 -6 M of Cr(VI) was transferred to a 125 mL separating funnel and its pH was adjusted to the desired value (pH 1) by the addition of a stock solution of 37% HCl (9 mL). After that, 10 mL of a 1,4-DAAQ solution was poured into a funnel, shaken for 10 min and then left to rest for a few minutes. As soon as a thin floated layer appeared at the aqueous/organic interface, the aqueous phase and the floated layer were discarded by opening the stopcock. The organic phase was then subjected to an absorbance measurement at 581 nm against a reagent blank, prepared in the same manner. For fluorescence measurements, 1 mL of the organic solution was diluted to 10 mL with toluene, and its fluorescence was measured at excitation and emission wavelengths of 581 and 607 nm, respectively. Cr(III) determination. Two milliliters of 30% H2O2 were added to 500 mL of a solution containing both chromium species. After the pH was adjusted to 9 by droplet addition of ammonia; it was heated for 30 min on a hot plate, to assure total oxidizing of the Cr(III) content and the removal of any excess amount of H2O2. The solution was then cooled to the ambient temperature and diluted to the initial volume with distilled water. Aliquots of 100-mL of this solution were subjected to the determination process discussed in section Cr(VI) determination. In such a condition, the total chromium content was measured and Cr(III) was obtained by subtracting. Pretreatment of real samples. The analysis of a natural water sample for determining the Cr(III) ion content was done as follows: a 1000-mL portion of water samples was poured in a beaker, and then 10 mL of 65% HNO3, was added to it as a moderate oxidizing agent. The solution was heated for a few minutes to remove some coexisting organic substances and the NO2 content. The pH of the solution was then adjusted to 9.0 with ammonia and was heated again for 20 min to precipitate the Fe(III) probable contents. After filtration and dilution of the water samples to the initial volume with distilled water, the Cr(VI) content was determined by the following discussion. In order to determine the Cr(III) content, which could be removed by coprecipitation with Fe(III) ions, at the beginning, 2 mL of 30% H2O2 was also added together with the HNO3 solution. The process was then continued according to the above discussion. In such a condition, the Cr(III) species was converted to Cr(VI), and the total chromium content was determined. The Cr(III) content was obtained by subtracting Cr(VI) from the total chromium content.
Results and Discussion
Nature of the reaction between Cr(VI) and 1,4-DAAQ 1,4-DAAQ can be oxidized with different oxidizing agents. The oxidation reaction gives rise to produce conducting coordination polymers consisting of difunctional ligand molecules linked by metal atoms. The products are generally insoluble and precipitate from the reaction media as oligomers with a few degrees of polymerization due to the interaction between chains and the metal ions. 35 In a treatment with Cr(VI) as an oxidant reagent, it is expected that the reaction between 1,4-DAAQ and Cr(VI) proceeds under a similar circumstance. It was seen that when the reaction was performed in acidic media (pH 1), an insoluble oligomer complex was produced involving a newborn Cr(III) species and the oxidized form of amine groups. This product can be floated at the aqueous/organic interface. This phenomenon is attributed to electron transfer from 1,4-DAAQ to Cr(VI) and the formation of an insoluble oligomer complex containing Cr(III). The presence of chromium in the floated complex was confirmed by FAAS. Figure 1 shows the absorbance/ luminescence spectra of 1,4-DAAQ solutions in both the absence and presence of Cr(VI) with several concentrations. As observed, the spectra were similar in view of the shape and the maximum wavelengths. The maximum absorption (excitation) and emission wavelengths are in turn 581 and 607 nm, and absorption/emission decreasing is relevant to increasing the Cr(VI) concentration without any spectral shift. The IR spectra obtained from 1,4 DAAQ and the floated complex are presented in Fig. 2 . As shown, a large broad absorption peak appeared from 4000 to 1700 cm -l . In addition, a high considerable sharp peak appeared at 1355 cm -l , which corresponds to the nitrate group resulting from partial oxidation of the amine groups; and the quinine carbonyl stretching peak shifted from 1610 to 1635 cm -l , which denotes complex formation between the oxidation product of 1,4 DAAQ and newborn Cr(III) ions. It should be considered that a direct reaction of Cr(III) with 1,4-DAAQ does not occur to any appreciable extent on account of the well-known inertness of the Cr(III) aquo-complex.
Performance of the reaction for the Cr(VI) measurement
As pointed out above, the product of the reaction is soluble in neither the aqueous nor organic phase. Nevertheless, it can be floated at the interface of the aqueous/organic layers. In view of analytical performance, it was found that the absorbance/ luminescence of 1,4-DAAQ present the organic phase diminished upon the addition of Cr(VI) ions. In such a condition, decreasing absorbance/luminescence of the 1,4-DAAQ solution can be recognized as an analytical signal relevant to the Cr(VI) content of the aqueous phase. To accomplish the speciation/determination of the chromium species by using this phenomenon, a number of parameters that influence the performance of the reaction should be optimized. Furthermore, the influence of coexisting substances The results are mean of three measurements ± standard deviation. with chromium species on the reaction must be investigated.
Effect of the acidity content
In an attempt to identify the optimum acidity content for the measurement, the effect of the hydrochloric acid concentration on the absorbance value was investigated in the 0.50 -1.50 M range. The results are given in Table 1 . As observed, the absorbance differences were made greater by increasing the acidity. At first glance, it was expected that the sensitivity was made better by increasing the acidity. However, it was observed that the absorption and excitation/emission spectra were converted to another shape on account of a deformation of 1,4-DAAQ and conversion of the reaction route. As shown in Table 1 , the standard deviation was increased at a concentrations of more than 1.00 M HCl. In such a condition, the determination was not accomplished with appropriate precision.
Effect of 1,4-DAAQ concentration
The effect of the 1,4-DAAQ concentration on the absorbance intensity was studied using different 1, in subsequent studies, a concentration of 5.0×10 -4 M was recommended to accomplish the determinations.
Effect of the volume of the aqueous/organic phases
The effect of aqueous volume was examined by replicating experiments in which the amount of Cr(VI) ions was fixed (2.5×10 -7 mol), while the volume of the aqueous phase was varied over the range of 50 to 500 mL. The results are shown in Fig. 4 . It was found that the reproducibility was diminished by increasing the volume of the aqueous phase. Then, the volume of the organic phase was duplicated, while the amount of 1,4-DAAQ was fixed at 5×10 -6 mol using aliquots of 100-mL of a solution containing 2.5×10 -7 mol Cr(VI). It was found that the organic phase increasing did not influence the result. Hence, to achieve a better feasibility and favorable RSD, the process was performed using aliquots of 100-mL of the aqueous phase and 10 mL of 5×10 -4 M 1,4-DAAQ dissolved in toluene as the organic phase.
Effect of shaking time on the reaction
The shaking time is one of the important parameters concerning the analytical performance of the reaction, which has a pronounced effect on both the sensitivity and the linear range. The shaking times were examined in the range of 2 -40 min. The absorbance was made better with increasing the shaking time up to 7 min. After that, it remained unchanged, as shown in Fig. 5 . On this basis, a shaking time of 10 min was employed in the present study.
Analytical Applications
Analytical figures of merit: linear range, reproducibility and detection limit of the method
According to the proposed procedure, calibration curves for the determination of Cr(VI) were constructed under the optimum conditions using both spectrophotometric and spectrofluorometric techniques.
The linear range for the spectrophotometric determinations was 3.0×10 -7 -3.0×10 -6 M at the maximum absorption wavelength of 581 nm. The linear-regression equation is as follows: Ab -A = 0.0078 + 3.33441×10
5 C, with a correlation coefficient of 0.9988 (n = 8). In this equation, C is the concentration (M); Ab and A are absorbance of the blank and sample, respectively. The RSD obtained for 1.0×10 -6 M of Cr(VI) was 2.8% (n = 9) and the 3s limits of detection for Cr(VI) Table 2 Tolerance ratio of coexisting ions on the determination of 1 × 10 -6 M of Cr(VI) in 100 mL of the aqueous phase using both spectrophotometric and spectrofluorometric methods
Coexisting ion
Tolerance ratio (mol mol The RSD obtained for 1.0×10 -6 M of Cr(VI) was 2.1% (n = 7) and the detection limit was found to be 2.1×10 -9 M (n = 7) according to the above definition. These figures were obtained from seven successive experiments.
Interference effect
Under the optimum conditions, the effects of various coexisting substances with chromium species were studied by introducing each one to 100-mL aliquots of solutions containing Cr(VI) with a concentration of 1.0×10 -6 M. Each ion was considered to be an interfering agent, when the absorbance/luminescence value exhibited a deviation of more than ±5%. Hence, the tolerance limit was taken as the interfering amounts of ions, which cause an error of less than ±5% in the absence of interference. Table 2 lists the effects of coexisting substances on the determination of Cr(VI) using both spectrophotometric and spectrofluorometric techniques. The results denote good selectivity of both techniques even, in the presence of Cr(III). In addition, it was found that the selectivity for the determination of Cr(VI) was considerably improved if the procedure was performed on solutions free of Fe(III) ions. For this purpose, the solution was made initially alkali to precipitate Fe(III) as Fe2O3·xH2O and remove it by filtering.
Evidently, certain amounts of Cr(III) may be coprecipitated along with the Fe(III) ions. Nevertheless, this circumstance did not affect the Cr(III) determination, since the solution was treated with hydrogen peroxide before precipitation of the Fe(III) content. Under such conditions, the Cr(III) converted to Cr(VI), which remained as a soluble species during the circumstance.
Accuracy and practical application of the method
At the beginning, the accuracy of the method was examined using certified reference materials, SRM 1640, SRM 1643d and BCR 544, which were prepared by adapting to their compositions by following literature considerations. 37 The agreement between the found and expected values of the chromium species confirmed The results are mean of three measurements ± standard deviation.
the accuracy of the method, as can be seen from Table 3 . It should be considered that only BCR 544 contains Cr(VI); however, to confirm the validity of the proposed method for a Cr(III) determination, other certified reference materials were examined. The proposed method was then applied to the speciation determination of Cr(III) and Cr(VI) in natural water samples including tap-and drinking-water samples. The results are given in Table 4 . As shown, the recoveries obtained for the spiked amounts are in the range 96.6 -103.8% and also there is not a significant difference between the results obtained by the spectrophotometric and spectrofluorometric techniques as can be realized from comparing the experimental F and t values by the critical amounts. For testing the accuracy of these measurements, Cr(VI) was also determined by FAAS after extracting the Cr(VI) 1,5-diphenylcarbazone complex with Amberlite XAD-16 resin. 38 The extraction process was applied to both spiked and unspiked solutions. Cr(III) was also determined by this method after converting to Cr(VI). The agreement between the results obtained from both methods confirmed the accuracy of the measurements, as can be seen from the results given in Table 5 . These observations denote the applicability of the method, and indicate that the proposed method is free from interference when applied to the analysis of natural water samples.
Conclusion
An attempt was made in this study to develop analytical applications of 1,4-DAAQ. In this paper, the determination of Cr(VI) with 1,4-DAAQ enables the speciation of chromium The results are mean of three measurements ± standard deviation. The results are mean of three measurements ± standard deviation.
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without a previous separation step, since the reaction is selective and sensitive to Cr(VI). The method was successfully validated using SRM samples and applied to the determination of chromium species in natural water samples. The results obtained from real samples were definitely comparable with those obtained by applying a well-known method. It has advantages in aspects of (a) high selectivity (selective determination of Cr(VI) without the separation of Cr(III)), (b) a short reaction time (15 min even), (c) good reproducibility, (d) stable absorbance and fluorescence (at least 2.5 h), (e) a simple instrument (commonly used spectrophotometer and spectrofluorometer) and (f) simple procedures (single step).
